- 1 - METHOD AND APPARATUS FOR DESALI NATI ON 51. Field of the Invention

The invention relates to a nethod and apparatus for water purification and,
in particular, to water desalination using filtration and

el ectrodei oni zati on. 2. Background of the Invention 10A grow ng worl dw de
need for fresh water for potable, industrial, and agricultural uses has |ed
to an increase in the need for purification nethods that use seawater,
bracki sh water, or other elevated salinity water as sources. The
purification of high salinity water through the renoval of dissolved
solids, such as salts, has been acconplished in several ways including
distillation and reverse osnmosis (RO - !These nethods start with a
pretreated feed 15 of seawater or other brackish water and then purify
(e.g., desalt) the water to a level that is suitable for human consunption
or other purposes. WETHOGRAND APPARATUSEOR DESNIINATEONT, is a plentiful
starting material, the energy required to convert it to drinking water
using present RO or distillation techniques is often cost prohibitive. The
ocean provides a limtless source of water if efficient desalination
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The ocean provides a limitless source of water if efficient desalination techniques can

20  be developed with low environtnental impact. While equipment cost can be high, the greatest -
continuing expense in desalting high salinity water is energy. A small improvement in
energy efficiency can result in significant cost savings due to the large volumes of water that
are typically processed by desalination systems.

For example, the energy required to produce potable water from seawater by the RO

25  process is comprised primarily of the energy that is required to overcome the osinotic
pressure of the seawater, along with pressure loss inefficiencies during processing. Because
both RO permeate and RO wastewater (often 70 % of the total water fed to the system is lost
to waste) must be pressurized, RO energy consumption is much higher than the theoretical
thermodynamic minimum for desalination. Expensive mechanical pressure recovery devices

30  are commonly needed in an attempt to recover some of the lost energy required for
pressurization.

Seawater typically contains about 20,000-40,000 ppm (mg/]) of total dissolved solids
(TDS), and brackish water sources can contain from 2,000 ppm to as much as 20,000 ppm



5 produce potable water, these nmethods typically require even greater
anounts of energy than do systens utilizing reverse osnosis techni ques.
Further these systens typically utilize conplicated heat recovery

techni ques to inprove energy efficiency. Because RO or distillation based
processes operate at el evated pressures or tenperatures, and because high
salinity water is very corrosive, exotic netals and all oys are needed to

wi t hstand the 10 operation conditions, and thus the need to add conplicated
equi pnent in these processes to save energy further increases the initial
cost of the equipnment and greatly decreases the equipment reliability.
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corrosion resistance, avoidance of energy losses, and prevention of scaling due to divalent

selectivity and silica rejection, are limited in water recoveries (the ratio of product water
30  production to total water production} of around 30 % to 40 %. This limitation results in a

very high incremental cost of pretreatment and water use for RO systems when it is

considered that a change in water recovery from about 67 % to about 33 % results in a

doubling of pretreatment equipment costs and a doubling of overall water consumption for a



I n anot her nethod used to produce fresh water from seawater, nanofiltration
techni ques are used in conjunction with either RO or flash distillation
techni ques. See, for an exanple, the teaching of Hassan in U S. Patent No.
6, 508, 936, which is incorporated by 15 reference herein. SUMVARY OF THE

| NVENTI ON The subject matter of this application may involve, in sone
cases, interrelated 20 products, alternative solutions to a particul ar
problem and/or a plurality of different uses of a single system or
article. I n one aspect of the invention, a method for purifying
water is provided. The nmethod conprises one or nore acts of providing a
feed water conprising greater than abodt™ 1, 000 ppm total dissolved solids
to a nanofiltration deyice to produce first filtrate reduced ipn total 25
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accoifaneefemsnddhepsie or nore enbodi ments, the invention is directed to a

met hod of 10 treating water having dissolved solids therein conprising acts
of reducing a concentration of nonoval ent dissol ved species fromthe water
to produce a byproduct streamSUMNMARYFIHEER¥FENTIONon of dival ent

di ssol ved.species fromthe water, and reducing a concentration of dissolved
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25  dissolved solids, and feeding the first filtrate to an electrodeionization device to produce a
second filtrate comprising less than about 1,000 ppm total dissolved solids.
In accordance with another aspect of the invention, an apparatus for desalinating
seawater is provided. The apparatus comprises a nanofiltration device and an
electrodeionization device in fluid communication with the nanofiltration device.
30 In accordance with yet another aspect of the invention, a method for treating seawater
or other high salinity water source, to reduce total dissolved solids is provided. The method
comprises one or more acts of passing the source water through a water treatment apparatus

while applying energy in an amount less than about 7 kwh/kgal of filtrate to the apparatus and



FIG 1 is a schematic diagramillustrating a systemin accordance with one
or nore enbodi nents of the invention; and 25FIG 2 is a schematic diagram
illustrating a systemin accordance with one or nore further enbodi nents of
the invention. DETAI LED DESCRI PTION 30This invention is not limted inits
application to the details of construction and the arrangenent of
conponents set forth in the follow ng description or illustrated in the
drawi ngs. The invention is capable of other enbodi ments and of being
practiced or of being carried out in various ways. In addition, the
phraseol ogy and term nol ogy used herei n is for - 5 - the pur pose of
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pot abl e and can be used for fresh water purposes such as, but not limted
to, Wuman and ani nal coBRIEPDESMCRIPTION &F THE DRxdWING8stri al applicati ons.
Desalination is a type 20 of purification in which salt is renoved from
seawater. The invention, in sone aspects, pertains to desalination of
seawat er . TheOfherallvaatiages, fertuwest ard uses Ploh¢ myantenh willjbebemé apparent framithe y  of
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" embodiment of the invention shown where illustration is not necessary to allow those of

. ordinary skill in the art to understand the invention. In the drawings:
FIG. 1 is a schematic diagram illustrating a system in accordance with one or more
embodiments of the invention; and
25 FIG. 2 is a schematic diagram illustrating a system in accordance with one or more

further embodiments of the invention.
DETAILED DESCRIPTION

30 This invention is not limited in its application to the details of construction and the
arrangement of components set forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments and of being practiced or of being

carried out in various ways. In addition, the phraseology and terminology used herein is for



I n accordance with one or nore enbodi nents, the invention is directed to a
nmet hod of treating seawater or brackish water where the source water
conprises a solute m xture wherein nonoval ent ions are at a higher the
concentration as conpared to the concentrations 30 of dival ent and ot her
mul tival ent ions. An optional initial step conprising mcrofiltration
treatnent or ultrafiltration treatnment is provided to renove suspended
solids, colloidal substances and/or solutes of elevated nol ecul ar wei ght.
Foll owi ng the optional step, in this enbodinment, a first stage of
specialized electrodesalting treatnent .is provided to selectively - 6 -
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mgrating further toward the cathode, out of the concentration conpartnent,
by a cation selective nenbrane. Once captured in the concentrating
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Av Na Selectivity -v Na 2 [Avca + Ar ng v cal + V ng where v is
the nolarity of ionic species i and Av is the change in the nolarity of the
ionic species. Table 2 provides cal cul ated val ues of solutes remaining in
the ion depleting streamand ion concentrating streameffluents froma
first stage separation apparatus 5 conprising nonoval ent sel ective anion
and cation nenbranes with selectivities of 1 (nonselective), 5, and 10. The
data in Table 2 were derived for a product water wth about 20,000 ppm TDS
and an assumed recovery rate of about 67 % Table 1. Seawater Typi cal
Conposi tion. Species Concentration Ppm Chloride 19,000 Sulfate 2,700

Brom de 65 Silicate 3 |odide 0.06 -7-

systems, because there is no electroactive media, splitting water is inefficient and operating in
such a regime is generaily avoided.
In CEDI and ED devices, a plurality of adjacent cells or compartments are typically

separated by selectively permeable membranes that atlow the passage of either positively or

5 negatively charged species, but typically not both. Dilution or depletion compartments are
typically interspaced with concentrating or concentration compartments in such devices. As -
water flows through the depletion compartments, ionic and other charged species are
typically drawn into concentrating compartments under the influence of an electric field, such
as a DC field. Positively charged species are drawn toward a cathode, typically located at

10  one end of a stack of multiple depletion and concentration compartments, and negatively
charged species are likewise drawn toward an anode of such devices, typically located at the
opposite end of the stack of compartments. The electrodes are typically housed in electrolyte
compartments that are usually partially isolated from fluid communication with the depletion
and/or concentration compartments. Once in a concentration compartment, charged species

15  are typically tra;iped by a barrier of selectively permeable membrane at least partiaily
defining the concentration compartment. For example, anions are typically prevented from
migrating further toward the cathode, out of the concentration compartment, by a cation
selective membrane. Once captured in the concentrating compartment, trapped charged
specms can be removed in a concentrate stream.

20 In CEDI and ED devices, the DC field is typxcally applied to the cells from a source
of voltage and electric current applied to the electrodes (anode or positive electrode, and
cathode or negative electrode). The voltage and current source (collectively “power supply™)
can be itself powered by a variety of means such as an AC power source, or for example, a
power source derived from solar, wind, or wave power. At the electrode/liquid interfaces,

25 electrochemical half cell reactions occur that initiate and/or facilitate the iransfer of ions
through the membranes and compartments. The specific electrochemical reactions that occur
at the electrode/interfaces can be controlled to some extent by the concentration of salts in the
specialized compartments that house the electrode assemblies. For example, a feed to the
anode electrolyte compartments that is high in sodium chloride will tend to generate chlorine

30  gas and hydrogen ion, while such a feed to the cathode electrolyte compartment will tend to
generate hydrogen gas and hydroxide ion. Generally, the hydrogen ion generated at the
anode compartment will associate with a free anion, such as chloride ion, to preserve charge

neutrality and create hydrochloric acid solution, and analogously, the hydroxide ion generated
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at the cathode compartment will associate with a free cation, such as sodium, to preserve
charge neutrality and create sodium hydroxide solution. In accordance with further
embodiments of this invention, the reaction products of the electrode compartments, such as
generated chlorine pas and sodium hydroxide, can be utilized in the process as needed for.
disinfection purposes, for membrane cleaning and defouling purposes, and for pH adjustrment
purposes.

In accordance with some embodiments of the invention, a plurality of stages in 2
treatment system can be utilized to purify water or at least reduce the concentration of
dissolved solids therein. For example, water to be treated can be purified in stages sach that
each stage selectively removes one or more types of dissolved solids thereby producing
purified, e.g., desalted, or even potable, water. In some cases, one or more stages can
comprise one or more unit operations that effects selective retention of a type of dissolved
species, which can then be removed in one or more subsequent or downstream stages
utilizing one or more other unit operations. Thus, in some embodiments of the purification
system of the invention, a first stage can remove or at least reduce the concentration of one
type of dissolved species. In other embodiments, the first stage can remove or reduce the
concentration of all but one type of dissolved species. Any retained species, not removed
from the water, can then be removed or the concentration thereof reduced in one or more
subsequent stages. _

Some embodiments of the invention relate to aspects that advantageously utilize
byproduct sireams from one or more stages to effect regeneration or recharging of one or
more other stages. A dischargeable stream or byproduct stream from one or more stages of
the system of the invention can have a high concentration of a first dissolved species removed
from the water to be treated. The presence of the first dissolved species in such a stream can
facilitate regeneration of other unit operations in one or more other purification stages. For
example, an electrodialysis stage can remove or reduce the concentration of monovatent
species from seawater. For example, Table 1 provides concentrations of primary 'typical
solutes found to make up the salis comprised in a typical seawater. Based on those
constituents and assuming about 80 % overall TDS (total dissolved solids) removal in a first
stage operating at about 67 % water recovery, comprising monovalent selective anion and
cation exchange membranes, the solute makeup of the depleting and concentrating stream
effluent from the stage as a function of membrane selectivity coefficient can be determined.

Membrane selectivity coefficient can be defined as



Al um num 0. 01 Cadm um 0. 00011 Chrom um 0. 00005 Cobalt 0.0004 Copper 0.003
Iron 0.06 Lead 0.00003 Nickel 0.007 Sel enium 0.00009 Silver 0.0003

AV

vNa

9 Ave, +AVy,,

Selectivity =

where v is the molarity of ionic species i and Av is the change in the molarity of the
ionic species. Table 2 provides calculated values of solutes remaining in tﬂe ion depleting
stream and ion concentrating stream effluents from a first stage separation apparatus
5  comprising monovalent selective anion and cation membranes with selectivities of 1 (non-
y selective), 5, and 10. The data in Table 2 were derived for a product water with about 20,000
ppm TDS and an assumed recovery rate of about 67 %.

‘Table 1. Seawater Typical Composition.

10

Species Concentration
Ppm
Chloride 19,000
Sulfate 2,700
Bromide 65
Silicate 3
Jodide 0.06
Phosphate 0.07
Sodium 16,500
Magnesium 1,350
Calcium 400
Potassium 380
Lithium 0.17
Boron 4.6
Strontium 3
Molybdenum 0.01
Manganese 0.002
Aluminum 0.01
Cadmivm 0.00011
Chromium 0.00005
Cobalt 0.0004
Copper 0.003
Iron 0.06
Lead 0.00003
Nickel 0.007
Selenium 0.00009
Silver 0.0003
Zinc 0.0

Table 2. Depleting and concentrating Stream properties using softened seawater into 2-stage

ED devices.
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ED Ca concentration' mmol /L LSI Ca concentration, mmol/L Ls/ Ca
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Monovalent Selective ED Double Selective ED MNon-Selective ED}
Ca concentration, Ca concentration, Ca Concentration,
mmol/L LSI mmol/L LSY mmol/L. . LSI
5.1 1.08 2.63 0.79 17.78 1.62

As can be seen in Table 2, for devices comprising monoselective membranes, the
concentrations of solutes such as calcium, magnesium, and sulfate, which tend to cause
fouling and scaling of the concentrating compartments of the device, are maintained at
relatively low concentration levels in the concentrating stream relative to devices utilizing
comprising nonselective membranes. The result is that use of monovalent selective
membrane devices enables increased water recovery without causing salt precipitation and
resulting performance loss, or plugging of the desalting device. Monovalent selectivity may
not necessarily disproportionately lower bicarbonate levels in the concentrating stream, but
the potential for precipitation of bicarbonate compounds such as calcium bicarbonate is
nevertheless reduced because of the disproportionate lowering of calcium levels (e.g., relative
to sodiuni) in the concentrating stream. In addition, as will be discussed in more detail,
acidic electrolyte products from the use of high salinity sodium chloride as an electrolyte can
be used as a reagent feed tc‘).t'he concentrate stream, to adjust and lower the pH of the
concentrate stream and thus inhibit the potential of any residual calcium bicarbonate in the
concentrate stream to form scale, by shifting the bicarbonate equilibrivm away from the
carbonate form. ’ '

‘The byproduct stream (e.g., the concentrate stream of a monoselective ED stage)
would have a high concentration of such species, e.g., sodium chloride, which can then be
utilized to facilitate regeneration of an jon exchange unit operation that may then optionally
be utilized to selectively remove or reduce the concentration of dissolved divalent species
from the water to be treated. Moreover, where further stages including other types of unit
operations are utilized to further remove or reduce the concentration of remaining species
and/or trace impurities from a fraction of, or all the depleting stream, so that problematic
constituents that remain in the depleting stream effluent of the first stage are selectively
removed before end use (e.g., boron removal via selective ion exchange prior to being
provided for agricultural irrigation water) or prior to being fed to a seconc.l membrane state of
the overall system (e.g. calcium and magnesium removal via chemically regenerable cation

exchange to avoid plugging and scaling in the second membrane stage).
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30 600 psi; in some cases, at an operating pressure of less than about 500 psi; or in other cases,

at an operating pressure of less than or equal to about 400 psi. The permeate resuiting
therefrom typically is reduced in organic species concentration and divalent and

nonmonovalent ions concentration by greater than about 90 %, while retaining more than



menbranes can be significantly |l ess than the operating pressure required to
pass water through RO nenbranes, where the nonoval ent salts contribute
greatly to the difference in osnotic pressure between the feed and the
perneate. Dependi ng on the application, feed water nay be purified in a
nanofiltration device at an operating pressure of |ess than about 30 600
psi; in sone cases, at an operating pressure of |ess than about 500 psi; or
in other cases, at an operating pressure of |ess than or equal to about 400
psi. The perneate resulting therefromtypically is reduced in organic

speci es concentration and di val ent and nonnonoval ent ions concentration by
greater than about 90 % while retainiby nore than - 13 - about 10 % of
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Therefore, one or more nanofiltration devices can be advantageously used to remove divalent
30  and/or multivalent ions, such as hardness-causing species, and one or more

electrodeionization devices can be advantageously used to remove monovalent ions, thus

reducing or eliminating fouling tendencies. Indeed, the invention can be directed to systems

and techniques that provide one or more stages or unit operations that can remove, or at least



reduce the concentration of, one or nore dival ent and/or multival ent
species froma water streanm and one or nore stages or unit operations that
can renove, or at |east reduce the concentration of, one or nore nonoval ent
species fromthe water stream The resultant product water can thus be
rendered potable. 5Q her aspects of the invention are directed to systens
and techni ques of purifying a water stream by reducing, or even m nim zing,
a tendency of one or nore species in a water streamto form scale or foul

t he nenbrane devices, in a first stage, or prelimnary stages, and by
removi ng, or at |east reducing a concentration of nonoval ent species, in a
second stage or subsequent stages. 10THe first stage, e.g., filtration such
as nanoffltration, can be operated at an energy reqU|renent of | ess than or
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15 colloidal constituents in a source water, can be used nore
cost-effectively as a substitute for traditional and | ess effective sand
filtration systens. This inproves end use water quality while increasing
the reliability of downstream treat nent conponents. One enbodi nent of
a system of the invention is illustrated in FIG 1. System 100 i ncl udes one
or nore nanofiltration devices 110 as well as one or nore

el ectrodei oni zati on 20 devices 120. Nanofiltration device 110 conprises a
nanofiltration nenbrane disposed in a housing. Electrodeionization device
120 conprises one or nore anode, cathode, concentration, and depletion
conpartnents. WAater sources are provi dekp£or depletion, concentration, and
el ectrode conpartnments of el ectrodeionization device 120 A feed water
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30  back to the feed water source 140.

Energy may be recovered from the retentate stream and used, for example, to heat
feed water, provide electricity, and/or to provide energy for other processes or unit
operations, which need not be directly associated with system 100. Water in condnit 160



25 nmenbranes and/or thin conpartnents can help to reduce el ectrical

resi stance or |l oad and, therefore, serve to decrease el ectrical power

requi renents. Low el ectrical resistance nenbranes that nay be utilized in
accordance with sone enbodi nents of the invention include, for exanple,
those commercially avail abl e as NEOSEPTA(r) nenbranes, from ASTOM

Cor poration, Tokyo, Japan. In sonme enbodi nents of the invention,

i nt ermenbrane 30 spaci ng maybe, for exanple, |less than about 0.1 inch, |ess
than or equal to about 0.06 inch, or less than or equal to about 0.05 inch.
In sone applications, it nmay be inportant or desirable to reduce the
concentration of boron species in a wat¥-to a level that is considered to
be suitable Lor ricultural service - 17 - and/or human consunption. For
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(fresh waggh dhouf §§e@SnOtic pressure of seawater, P, can be determ ned from
the van't Ho ? equation: Psw = c*R*T, where c is the ionic nolar

concent r at i on,InRoms cades ipprey be Aesirable to Bde@Ahe internal electrical resistance of the

20  electrodeionization device to minimize energy usage. Therefore, in accordance with one or

L....(u

more embodiments of the invention, low elec_trical resistance membranes may be used to
separate or define depletion and/or concentration compartments thereof. For example,
individual compartments, or cells of the electrodeionization device, may be constructéd to
have a width of less than about 10 millimeters. The use of low electrical resistance
25  membranes and/or thin compartments can help to reduce electrical resistance or load and,
therefore, serve to decrease electrical power requirements. Low elecirical resistance
membranes that may be utilizéd in accordance with some embodiments of the invention
include, for example, those commercially available as NEOSEPTA® membranes, from
ASTOM Corporation, Tokyo, Japan. In some embodiments of the invention, intermembrane
30  spacing may be, for example, less than about 0.1 inch, less than or equal to about 0.06 inch,
or less than or equal to about 0.05 inch.
In some applications, it may be important or desirable to reduce the concentration of

boron species in a water to a level that is considered to be suitable for agricultural service



25 liter-bar/degree-nole, and T is the absolute tenperature in Kelvin, T =
300 K (about 27 C). The ionic salt concentration in seawater is about 1.12
nole/liter, assumi ng a pure sodiumchloride solution. Therefore, the
osnotic pressure is determned to be about 400 psi (1.12*0.082*300 = 27.6
bar). Desalination energy requirenments are typically provided per 1,000

gal l ons of purified 30 water per hour. An estinmate of the theoretical

m ni nrum energy required to desalinate seawater is about 2.9 kwh/kgal (or
about 0.77 lcwh/nB), determ ned as follows, assum ng about 400 psi of
trans- nenbrane pressure (for the NF nenbrane) and 100 % punp efficiency: -
18 - Brake horsepower _ (gpm (psi) (16.187)(400) - 3.89bhp (2.9kw)

(1715) (eff)(1715) (1) The net hod used (thernmal or pressure driven) to
desal i nata8d$s hpmereonsumption. Ros dxareplbdhe drsinpd retenitrdtioo wf bvenspevieniean ener gy

requi T ed acSirBRBPless had S ATPBbin® Wsdific SEAL et difraill o i:RAGEL St €T

with the systenms and nethods of the invention i e “energy savings
that ar e dgeiFbAY BT oxep dasy Bian therdarel RGUzgessed @ymmm@qmdfesheawout 19. 2

kwh/ kgal drpanki@fighd. Tk 8xSRAYAEEEondsnt BN Bitob B fe2ltlaBY A 1 h%h' 2ps- In

N
the calcul ations, the assumed trans-nenbrane pressure I s about psi, the
10 asSumeHEsssiFH bE ks Viosfdiralds Cggriration atgboykQ.Sipne. dodeerdely spmeapplicatiensery i s

about 40 thé cdndértheion of BéroR i e h@iteci luawr rsé}ir&eﬁ&y’olb@%méa%oﬁr?o 9pph, about 16. 67
gpm of perneate and about ect IS oduced. No energy recovery

t echni ques ar 588t e HD ‘%‘%ﬂ g‘? “I“P%}é‘ﬂh °I§F]él9§ bﬂ’GPsfé’E)ﬁ’Wé‘PP—‘es(aBB‘Fﬁl(fs§P9“t4
(41. 67) ( YpDy, this Eibge?, Jedtmirferddd oPd0kestelibbagd BI41)chd Bd Gific it abkﬁw&fhmdgf

energy recove C ues are utilized, the cal cul ated ener

requi r enen ve@één%gesraglﬂ%té‘&’mcl?ﬁsgﬁ'pﬁgganéafgegww ELH SRy teghuig qué%e or

techdﬂquesvanngﬁcmﬁ;emecbwaaqmceboﬂn tspediésiencentiationnin feed @hte Nl anta bRy a

pressure &éfhﬂﬁ&% devi & q gs of Sde\l/m es San recover t e?r?faar from
! b"‘g Sl o HPEARR ﬁ FEORSYEFE 84 ﬁ@lww&

t he hi gh-pressure’'rejec ream and transter ream
of the Rodieyhedoron akentiationinad feed steabi fyomstbmytﬁt&:pﬂmyo leothien 8@ubo ef i ci ent
in recoveylsy I;;,t;ld positive displacenent systens typically claimrecovery
efficiencies of about 20 90 %to about 95 % To cal cul ate the effect
of energy recdjtignioleweropeigyicpsthhsysieor soffscheiguesaf digt ind@tion oén t he
povensi s paRadeTBWePEapRal, BEtrAMS MRS rhdinthicP 85 ML A2 eR41F1R Mue to an ability to
operate at lower operating pressures, lower cost materials, such as plastic piping, can be
employed in the systems of the invention, instead of high pressure stainless steel and/or
titanium alloys that are typically necessary in RO systems.
To purify seawater, the water needs to be separated from its dissolved components.
20 The energy required to perform this separation is the amount of energy required to overcome
the difference in osmotic pressure between the feed water (seawater) and the product (fresh
water).
The osmotic pressure of seawater, Pg,, can be determined from the van’t Hoff
equation: Pgw = ¢*R*T, where c is the ionic molar concentration, R is the gas constant, 0.082
25  liter-bar/degree-mole, and T is the absolute temperature in Kelvin, T = 300 K (about 27° C).
The ionic salt concentration in scawater is about 1.12 mole/liter, assuming a pure sodium
chloride solution. Therefore, the osmotic pressure is determined to be about 400 psi
(1.12%0.082*300 = 27.6 bar).
Desalination energy requirements are typically provided per 1,000 gallons of purified
30  water per hour. An estimate of the theoretical minimum ene}gy required to desalinate
seawater is about 2.9 kwh/kgal (or about 0.77 kwh/m3), determined as follows, assuming
about 400 psi of trans-membrane pressure (for the NF membrane) and 100 % pump
efficiency:



(0.4*19. 2 kwh/ kgal = 7.68 kwh/kgal), and about 60 % of the power is assuned
as being consuned in the reject stream (0.6* 19.2 = 11.52 Icwh/lcgal).
Assum ng that, for exanple, 25 about 93 % of the energy in the reject
stream can be recovered, about 7 %is thus consuned (0.07*11.52 = 0.81
kwii/kgal). Therefore, the overall power consunption of an RD device,
utilizing energy recovery techni ques, is about 7.68+0.81 = 8.49 kwh/kgal .

- 19 - Exanple 2 To estimate the anount of total energy required to
desal i nate seawater utilizing a system conprising a conbination of
nanofiltration and el ectrodei oni zati on devi ces, the energy requirenents for
each are independently determ ned and ¥ren conbi ned. 5The energy

requi renent associated with the NF device is aB roxi mated to be about 10.7

kwh/ kgal (about Aas rersby_ (887G tion. Brake
nor sepover = (apri (e ek 670175&)@)?)14 HD10. 7%?’5 PP (eft)
(1715)(0.85) This stlnatﬁlmas deri ved ¥ “g t hat the ttaqi q?nbrane
pressure was Hisduethedpsegdfhermal or Bissgyrefn e © n‘%ﬂl e sgpwRier 18 Beligvsd e
effici enﬁgepeamhttd&mmahﬁmnﬁnﬂﬁa\@gymm&dlo about 40 % This estimte was
further based on an inlet flow rate of about 41.67 gpm produci ng about

16. 67 gpm of perneate and about 25 gpm of reject No energy recovery
techrs quBsarmgle @ utilized. Energy techni gues can also be utilized in

nanofiltratiop devices i.n ne i,m t & b th
respect to chl?gglé’ﬁnsd’g\?fétggﬁor%erﬁ%éf [tgglstgg@uthg enlls a%ﬁ & ?ﬁ dgtolwi i zed
Wi t h r esthe ddventon Blostvate theehéigy isenagsabat amtevaﬂﬂe ‘antmowm-baﬁs'«dassuned
as being R I 5, ‘iﬂé‘ill 4,028

kwh/ kgal } ﬁ%ﬁ?%q&g&%t%"%‘ oy e%%gé\ﬁer R ednficl & oty iitolionthe’ S by the
rej ect s@aa@&aﬁo@@ Bﬂ!a@cﬂcnﬂa@mzﬂwmmmg@Fryns-mpmhmapreg@r%s outfAf0@siethgy i n
the j@i egduhsd fnﬁﬁﬁl{ﬁfcféﬂcy is%ﬂutad%%tana t% sSu RSP WHRFrREvRP isHogfsHTed
(0.07%6.42 = 0.45 kwh/Icgal ). Thus power consuned associated with the
20 nanof F‘Frﬂ}@&tf%ﬁl Talet flow ks of ab%4&§6 aPm4atmt kR gy of pormegte@nd gbout 2573
kwh/ kgal 3pm of reject is RodiRBE.UNB eh@E 5 re@60§ yechhighesafie MELsys it uidize®sal i nat i on
system conprising nanofiltration and CEDI stages would, in aggregate, need

to consune | ess BResmksddoar Lﬁﬁﬁﬁ@‘&‘&sf ALPLI) _é§;7:$blary\l(19m(&ye t he
nanofiltration stage cf)nsurr{ss(ﬁlb&nﬁ‘h 700N Behal while the total energy

CONSUTDLI on Ohel 46 P3S4 ATy ALRMAD o SBLESL xS o1 b1 1 101

25 energy consunption e power consunption of
t he CEDI reswageent sampbefodrerd) Examples ofrenergyrreeqysr assombliss or teghganaatingl

If the n %u‘h%}& af uffine ¥R 121G Lvﬁeéb&lét prgs]suré)em:hehgg bRt BIR bRks of

di ssol ve S cont al ne |n seawat er feed, the downstream CEDI™ npdul e
woul d préﬂé‘ieaﬁiﬂyfﬁe@f?éw sy iron tshigh-preesureinicrhiticgmand trapsfer the Pnergy ot he

vat er t ogeB&da sthehmlor Bt H@B@ﬁc&'fﬁ@'dﬁéxﬂﬁhéﬁl aéseﬁsBSQq&;hmy 266ut B W HBSientl 0 be
conpetitive with I§IO therefore, the need, to renove

nmodul e
this anpiECHEr%:H mg%ug Asglaperaant sysiemsEpigpilye %‘“Hﬁﬁ?‘f?é%?é}a %ﬂ%ﬁ% ehab8I duced.
20 90 % to about 95 %,

To calculate the effect of energy recovery on the overall power consumption, about

40 % of the power is assumed as being consumed in the permeate stream

(0.4%19.2 kwh/kgal = 7.68 kwh/kgal), and about 60 % of the power is assumed as being

consumed in the reject stream (0.6%19.2 = 11.52 kwh/kgal). Assuming that, for example,
25  about 93 % of the energy in the reject stream can be recovered, about 7 % is thus consumed

(0.07%11.52 = 0.81 kwh/kgal). Therefore, the overall power consumption of an RO device,

utilizing energy recovery techniques, is about 7.68+0.81 = 8.49 kwh/kgal.



- 20 - Exanple 3 A system was operated to determine if seawater can
be purified (desalinated) to a | evel of |ess than about 500 ppm TDS. The
system was conprised of a nanofiltration device and CEDH devices that neets
t he above-nenti oned energy requirenent (less than about 5 3.8 kwh/kgal).
Artificial seawater was prepared from | NSTANT OCEAN(r) synthetic sea salt
m x, avail able from Aquarium Systens, Mentor, Chio. The nanofiltration and
CEDI devices were operated under the follow ng conditions: Cl osed

| oops were utilized for both nanofiltration and CE])! devices. Electrode
compartment feed water for the CEDI device, which was separate fromthe
nanofiltration 10 product water, was medfe up from RO water, with 112504
added tgﬁﬁchiqvg a pH of about 2. Feed water cal ciumcontent was

appr oxi %0 ng/ 1, nmeasured as CaCO8. The nanofiltration device

utilized a FI uw&aaawem&lém&%hmréhé Sequité@id b em cal
Conpany, M Chl‘?’ﬂl The |nl et@watqgr sJ'Edr eam é‘%%%%%%}@%&gqﬂt ration

devi ce wa¥ Stﬁfnecsogl?f’lsl?ga birgting obpryofisatign andelertipdeioniratien deviops,8fe about 15

45.5 nB/ omerghrequenratier dach metmepem&y H&t&ﬁﬁzh&ﬂarm}ié&@orﬁ%ﬁgeda conductivity
ow rate.of 25 U.n. The reject flowrate

of abqut 4.2 apo

was about 36l ;Tﬁq{eca%rgyﬁeqwrﬁ%nt RciAid ity aﬁﬁ@:‘a‘i"ﬁﬁeés B?P“E”Héla&é\?? beakgys about
23 C. 10.7 kohfsgal i(dost 28tk )adem»ﬁesymeﬁalcﬁmaguahﬁﬁhondew gnated as Stack
A (lower electrical resi stance) an ac!g &%&ndard) Each of Stacks A
and B were conpri @fdkedzfars%ﬁama{d Ae7 stiagnp ql aledypat h, with 10
cell pairs in each stage. The ff \W)b‘ﬁ)h (1ZhYEh8Mas about 28 nches. Bot h

stacks al so utiHid gaha wis'dedi; ess st
cat hode, rjg’ﬁ rl];aboutal 50/ 50 m%%%#%m@n %ﬂi\m%ﬁ&ﬁﬂ r%‘ 3#{945 Soe She
ani on/ st rond>atttdPurR s %ﬁe?fé’s"r%sabow&ﬁr%pﬁ@meﬁ@mmmmw re@a\rmﬁwys

M di a6d, abbotiogan Thiblkerimha ez REtHRE BRE SRAK & Rfw aacaa%u&%g@?gﬁ and B was
uded alternating ion exchange 2 fbr anes.

about 0.Q nch.
The oper é’t%du&’n@&ﬁﬂ?ttal%&@f’% RrEMPRe Aihrbout 37 Spe ohreigst uNe gnérey meavesy i zed in
t he Tabl dechpigued wove vililizedener gy demand data listed in Table 2 does not
consi der the Ly effici enc The data shows that Stack
Ais pref erre?Bl \"\%& éca&ﬁ%cé ags ’F?ﬁie’“fnﬁ?‘?fgm'b‘?"(ﬂﬂﬁ’éy%mé?“ﬁﬁ pighilagteal i ty
_ product dakatgeserihgd ahove atith lwplebteom ha}emb&dées4®7u%ér§§ﬁulﬁf'@rsﬂﬁpnons are Thus,
assufkng il [ el about 4.7 kwh/kga

u Qéd M&?r PIOI ljeM &ﬁagg 1es bfnﬁt ‘%B%H:le PQ(‘jVe%SraéﬂW&laS%?lﬁg system

achi eve the eS|re forma
conpri si KgnsyEsd by F‘!‘?Wﬁ awncm*lﬂé\hvdﬂgmmzﬁ Kwlekgha apbatout 60BSIFNPL | on
of about tile ﬂfdfms{' kO34umed as being consumed by the reject stream (0.6%10.7 = 6.42 kwh/kgal). ¥
: -about 93 % of the energy in the reject is recovered, then about 7 % is assumed as being
- consumed (0.07¥6.42 = 0.45 kwh/kgal). Thus, the power consumed associated with the
20  nanofiltration device would be about 4.73 kwh/kgal (4.28-+0.45 = 4.73 kwh/kgal).

To consume less energy than an RO system, a desalination system comprising

nanofiltration and CEDI stages would, in aggregate, need to consume less energy than the RO
system alone. As shown above, the nanofiltration stage consumes about 4.7 kwh/kgal while
the total energy consumption of the RO system is about 8.5 kwh/kgal. Thus, to exhibit total
25  energy consumption below that of the RO system, the power consumption of the CEDI stage
is preferably less than or equal to about 3.8 kwh/kgal.
If the nanofiliration system rejects about 91 % of the inlet total dissolved solids
contained in seawater feed, the downstream CEDI module would preferably remove about
90 % of the remaining TDS in order for the water to meet drinking water standards of less
30 than 500 ppm TDS. To be competitive with RO systems, therefore, the CEDI module may

need to remove this amount of solids using less than about 3.8 kwhv/kgal of water produced.



- 21 - This overall energy requirenent is about 15 %/l ess than the energy
requi rement of a conventional RO based system Table 3. Operating and
Measured Paraneters of CEDI Stacks A and B. Operating or Measured Paraneter
Stack A Stack B Flow Rate through the Dilution Conmpartment (rxil/mn) 280
280 Fl ow Rate through the Concentration Conpartment (m/mn) 72 73 Fl ow
rate through the El ectrode Conpartnent, (m/mn) 250 200 Feed Stream
Conductivity (nS/cnm) 4.2 4.2 Product Conductivity (VS/ cm

-20-

Example 3

A systern was operated to determine if seawater can be purified (desalinated) to a
level of less than about 500 pprn TDS. The system was comprised of a nanofiltration device _
and CEDI devices that meets the above-mentioned energy requirement (less than about

5 3.8 kwh/kgal). Artificial seawater was prepared from INSTANT OCEAN® synthetic sea sali
mix, available from Aquarinm Systems, Mentor, Ohio.

The nanofiltration and CEDI devices were operated under the following conditions:

Closed loops were utilized for both nanofiltration and CEDI devices. Electrode
compartment feed water for the CEDI device, which was separate from the nanofiltration

. 10 product water, was made up from RO water, with HSO, added to achieve a pH of about 2.
Feed water calcium content was approximately 50 mg/l, measured as CaCO;;.

The nanofiltration device atilized a FILMTEC® NF90 (4x40) membrane, available
from The Dow Chemical Company, Midland, Michigan. The inlet water stream into the
nanofiltration device was pressurized to about 500 psi and had a conductivity of about

15  45.5 mS/cm. The permeate from the nanofiltration device had a conductivity of about
4.2 mS/cm at a flow rate of about 3.25 I/m. The reject flow rate was about 36 Vm. The
nominal operating temperature of the device was about 23° C.
Two different CEDI devices were evaluated, designated as Stack A (lower electrical
_resistance) and Stack B (standard). Each of Stacks A and B were comprised of 20 ccll pairs
20  in a 2-stage folded path, with 10 cell pairs in each stage. The flow path length was about 28
inches. Both stacks also utilized an iridium oxide-based anode, a stainless steel cathode, and
an about 50750 mix of DOWEX™ MARATHON strong base anion/strong acid cation resins,
both from The Dow Chemical Company, Midland, Michigan. The inter-membrane spacing
of each of Stacks A and B was about 0.06 inch. Stack A included alternating ion exchange
25 membranes. .

The operating conditions and performances of both modules is summarized in the
Table 2, below. The energy demand data listed in Table 2 does not consider the power
supply efficiency.

The data shows that Stack A is preferred over stack B because the former produces

30 similar quality product at a similar rate while using about 40 % less energy.

Thus, assuming that the nanofiltration device requires about 4.7 kwh/kgal to achieve

the desired performance of less than about 90 % removal, the system comprising

nanofiltration and CEDI devices would yield a power consumption of about 7 kwh/kgal.



570 550 Dilution Conpartnent Pressure Drop (psi) 5.6 7.5 Concentration
Conpartnent Pressure Drop (psi) 2.2 3.6 Electrode Conpartnent Pressure Drop
(psi) 6.4 8.9 Applied Electrode Potential (VDC) 17.15 26.6 Cell Pair

Vol tage (VDC) 13.5 22.0 Voltage per Cell Pair (VDC) 0.675 1.1

-21-

This overall energy requirement is about 15 % iess than the energy requirement of a

conventional RO-based system.

Table 3. Operating and Measured Parameters of CEDI Stacks A and B.

Operating or Measured Parameter Stack' A Stack B
Flow Rate through the Dilution Compartment (ml/min) 280 280
Flow Rate through the Concentration Compartment (ml/min) 72 73
Flow rate through the Electrode Compartment, {ml/min) 250 ‘ 200
Feed Stream Conductivity (mS/cm) 4.2 4.2
Product Conductivity (uS/cm) : 570 550
Dilution Compartment Pressure Drop (psi) 5.6 7.5
Concentration Compartment Pressure Drop (psi) 2.2 3.6
Electrode Compartment Pressure Drop (psi) 6.4 8.9
Applied Electrode Potential (VDC) 17.15 26.6
Cell Pair Voltage (VDC) 13.5 22.0
Voltage per Cell Pair (VDC) 0.675 1.1
Current Consumption (A) 0.84 0.83
Energy Consumption {kwh/kgal) 2.5 4.2
Operation Duration (hours) 175 274
Product TDS (ppm) ] 240 232

Example 4
* This example describes further embodiments of the invention that can be utilized to
reduce the concentration of dissolved solids in seawater., _

As illustrated in FIG. 2, the system can comprise at least one electrodeionization stage

10  disposed downstream of one or more monovalent species-reducing stages and one or more
divalent species-reducing stages.

The monovalent reducing stage can comprise any unit operation that reduces the
concentration of monovalent species such as, but not limited to, sodium chloride. Examples

- of unit operations that can serve to reduce the concentration of monovalent dissolved solids
15  include, but are not limited to, electrodialysis and electrodiaresis devices.

This monovalent species reducing stage can operate at elevated water recovery, for
example, about 60 % to 70 % or higher depending on the selectivity coefficient of the
membrane with respect to monovalent species versus non-monovalent species. This is due to
the avoidance of the potential for nonmonovalent or multivalent species to scale or foul the

20 membrane devices, since their concentration does not increase in the same proportion as
monovalents species. Such a device is much less prone to fouling and scaling relative to

other processes such as non-selective ED, or distillation, and very much less prone to fouling



Current Consunption (A) 0.84 0.83 Energy Consunption (kwh/kgal) 2.5 4.2
Operation Duration (hours) 175 274 Product TDS (ppnm) 240 232 5 Exanple 4
Thi s exanpl e describes further enbodi ments of the invention that can be
utilized to reduce the concentration of dissolved solids in seawater.

As illustrated in FIG 2, the systemcan conprise at |east one

el ectrodei oni zation stage 10 di sposed downstream of one or nore nonoval ent
speci es-reducing stages and one or nore dival ent species-reduci ng stages.
The nonoval ent reducing stage can conprise any unit operation that reduces
the concentration of nonoval ent species such as, but not limted to, sodium
chl oride. Exanples of unit operations t2at can serve to reduce the
concentrati on of nmonoval ent di ssol ved solids 15include, but are not limted
to, el ect3dralingdelativee nspcesses sushas 88 apd R, wiich selectively cFiniestrarenoval ent

spect es Tiaihia sphAuA0IAREE A tnBovALRYBLAL, B! Srd:ifE b [Qieexampl e,

about 60 %to 70 % or_higher dependi ng on the sele coerficrent of

t he nenbrErYeH: £pt bsisdhs proseshBosv/effieisnt byp Eari |eé§mplér1§élscxmuhe volroweal ent
speci es. ruju1£enleﬁtsdﬂx6pkﬁcdt!ﬂ%nt%&j@i‘pﬁﬁﬂfﬁld%atéﬂiﬁs BEE A8 I8 kotiUmdARIYRARYAl ent or

mul ti \éal ergct;unse%%grl t%g o'Eregal? gxaolcgss?sr refigc%d which is of particular importance in regions with
scarce water resources. In addition, by operating at high water recovery, the concentration of
salt in the concentrate stream of the device is increased, rendering it more useful in certain
circumstances. For example, by operating on a feed salinity of about 3.33 % at an about
67 % recovery, a concentrate stream can be obtained with a concentration of about 10 % salt.
10 In the case where predominantly monovalent jons are selectively transferred to said
concentrate stream, the resulting stream can be a predominantly pure monovalent (e.g.,
sodium chloride} stream at a concentration of about 10 %. Such as stream can be used in part.
to regenerate jon exchange columns that have become exhausted, for use as brine cleaning
agents, for feed to crystallizers to efficiently produce crystalline salts, and/or in further
15 electrochemical processes to produce, for example, chlorine and caustic for disinfection or
PH adjustment. Further, the concentrated salt can be cycled to the electrolyte compartments
of the ED device itself, and by-product chlorine and causti_c, can be produced without the
need for a separate caustic/chlorine generation system, and avoid the need to provide added
chemicals other than salts already in the f_eed water to be desalted.
"20 The monovalent species removal stage can utilize membranes that selectively remove
- monovalent cations, monovalent anions, or both monovalent anions and cations. If it is
desirable to produce pure sodium chloride from a feed comprising calcium and sulfate salts,
then the system can comprise both monovalent selective anion membranes and cation
membranes. Alternatively, if the objective is only to produce a concentrate comprising pure
25  sodium ions without concern for sulfate levels, then the system can comprise only
monovalent selective cation membranes
The partially desalted product from the monovalent selective removal stage can then
be sent to a divalent-reducing stage which can comprise any unit operation that reduces the
concentration of divalent species such as, but not limited to, calcium and magnesiom salts.
30  Examples of unit operations that can serve to reduce the concentration of such hardness
causing species include, but are not limited to, ion exchange devices, in particular, cation
exchange columns utilizing cation exchange media. In addition, ion exchange media

incorporating selective absorbents and anion selective media can be used to selectively



20 menbr ane devices, since their concentration does not increase in the
sane proportion as nonoval ents species. Such a device is nmuch |less prone to
fouling and scaling relative to other processes such as non-sel ective ED,
or distillation, and very nmuch less prone to fouling - 22 - and scaling
rel ative to processes such as NF and RD, which selectively concentrate
mul tival ent species and foul ants over nonoval ent species. By operating at
el evated water recovery, not only is the process nore efficient by, for
exanpl e, reducing the volune requirenents for pretreatnent equi pnment and
materials, but also the total anpbunt of water 5 required for the overal
process is reduced, which is of particf3ar inportance in regions with
scarce water resources. In addition, by operating at high water recovery,
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and bicarbonate; as wel
25  Alternately, product water from the second stage may be used directly, for example, where

the product water is about 90 % desalted and where the water is free or has a reduced level of
trace elements and divalent species. Alternately however, the product from the second stage
can be sent to a third membrane separation device comprising, for example, non-selective ED
or EDI membranes, where in the water is further desalted to high levels of purity. In such a
30  case, the concentrate sojution from the third stage typicaily contains essentially only one type
of monovalent ions-and thus there is Jow potential for the third stage to scale or foul, and, the
concentrate, at high recovery can be recycled, at, for example, a concentration similar to the

source water, to feed the concentrate stream of the first stage of the monovalent selective



as dival ent anions, such as sulfate. For selective absorbents that require
not only brine regeneration steps but also acid or caustic regeneration
steps, the acid and caustic can optionally also be manufactured fromthe
concentrated pure salt solution froma first stage 5 concentrate effl uent
froma first nonosel ective nmenbrane stage. Enbodi ments represented
by FIG 2 further illustrate utilization of a byproduct stream from one
stage in another stage to facilitate operation thereof. As exenplarily
shown, the . nonoval ent reducing stage can reduce the sodium chloride
concentration of the water to be treated and collect such species in a
concentrated byproduct stream which wottd typically be 10 di scharged as a
sodiumchloride rich waste stream This byproduct streamcan be utilized to
r egener af@ ¢ iespsd s icHeTgEllmseness that R AdYREIRPS PRBRRITRICTE {Age. The

final stagRrdbndes¥RsicdRs §dteasis dpfralel ShaddhigtPeiclitdonbiitiohti@at fredoices t he
concentration of .any undesirable species and renders the water as potable.

The by pr BOE {0 Oplinges sepking. tihere g waler reqovens ismachiyighes thea t3di8araled with
wgt er t Odmlﬁm&?ﬁn@ﬁeaﬂ hﬁ&hﬂér@ﬁ}i raa}_ﬁﬁéﬁah ncﬂia@b¢ﬂehntsand o fot fgeddratiditbfRei Nnent can
advanf ageous educe the overall .disc urden ne instan , it
out o borarieLed e FlepsR. B R restion 1 B AR A 1d CANnE P ARHEFh o ¢ he
divalentﬁb&nhwamusmagmpobﬂmsbmnawaanthe nonoval ent sel ective devices
typically operate at an el evated concentration, the possibility of
efficient regeneration of ion exchangers becones possible. Al so possible is
t he product i oHauwhg gk dsscoibebicveral @spects hf @i¢aseonefepsbodingzn pfigis ineantion. At i on,
20 di si nfegtl Qﬂp &g% @%ou'%"aﬁexfaé?or{se&%&‘?{céﬁd Q%Eflmﬁgﬁgfn@hk Yoirf il béé‘ari

exchangers suc fon selective 1 on exch oduct
wat ek0 f r these ﬂ@llmwecﬁuotl@ltﬁ‘ewmed@@qu@ myml@@va@e@ts ﬁ@rmr@e@qdaw he

pur posespl befhid disciishitOmla € Gferddld «J B dingh vl SRLTRE Tscopé‘é? thedfvenfibn Wat er for
agrlculture use that béneficially maintains a certai'n | evel of dival ent
ions rel éFF‘?fémﬂb’ thsdorpapian fescypdon angl dapviseharedyyayif surerle R8er from t he
second stage wautReldnnedisdi rectly, for exanple, where the product water is
about 90 % desalted and where the water is free or has a reduced | evel of
trace elenents and dival ent species. Alternately however, the product from
t he second stage can be sent to a third nenbrane separation device
conprising, for exanple, non-selective ED or EDI nenbranes, where in the
water is further desalted to high levels of purity. In such a 30 case, the
concentrate solution fromthe third stage typically contains essentially
only one type of nonoval ent ions and thus there is | ow potential for the
third stage to scale or foul, and, the concentrate, at high recovery can be
recycled, at, for exanple, a concentration simlar to the source water, to
feed the concentrate streamof the first stage of the nonoval ent selective
- 24 --device. The end result is an overall process that can provide
various types of waters for different end uses, while the systemis

oper at.ed under highly efficient conditions that are not prone to fouling or
scaling, where the water recovery is nuch higher than traditiona
desal i nati on techni ques, and where the needed ancillary chem cals for
regeneration, for 5 renoval of trace elenments, for disinfection, for pH

adj ustnent, and for cleaning are provided fromthe ionic makeup of the
source water. Havi ng thus descri bed several aspects of at |east one
enbodi ment of this invention, it is to be appreciated various alterations,
nodi fications, and inprovenents wll readily occur to 10 those skilled in
the art. Such alterations, nodifications, and i nprovenents are intended to
be part of this disclosure, and are intended to be within the spirit and
scope of the invention. Accordingly, the foregoing description and draw ngs
are by way of exanple only. What is clainmed is:



-25 - CLAI M5 1. A nethod of purifying water conprising:
providing a feed water conprising greater than about 1,000 ppmtotal
di ssolved solids 5to a nanofiltration device to produce a first filtrate

reduced in total dissolved solids; and feeding the first filtrate to
an el ectrodei oni zadon device to produce a second filtrate conprising |ess
t han about 1,000 ppmtotal dissolved solids. 2. The nethod of claim

1, wherein the feed water is seawater, brackish water or oil field 10
recovery water. 3. The method of claim1l, wherein greater than about 90 %
of any multivalent ions are renoved by the nanofiltration device. 15 4. The
nmet hod of claim 1, wherein the nanofilt¥4tion device is operated at an

upstream pressure of |ess than about ?_gﬁwfsi. 5. The nmethod of claim1,

further conprising reducing the bor ofr %nt in the feed water to |ess

than about 0.5 ppm 20 6. The nethod of claim 1, that consunes energy at an
7. The nethod of claima1,

overal | rate q ss than. about 7 kwhj kgal .

wher ei n tﬁe se‘%o’dﬁgmﬁﬂhnr]%qyg’gc%%‘fowgsﬁn 5s than or equal to 25 about 500
ppm total di sswbvididgsdedddsateomising pedatdr dnfabouttiesu fpanididl 8isSQeNEoREs

conpr issi ng: [Jtration device; d an.el ectrodej oni zati.on device in
f1uid comm%uarﬁ%%dévéﬁv ttﬁgm%'é Yot ﬁ'ﬁ gpgﬂe&ﬁd‘ﬁsgf'bté’.t gtgsoleed splids: apdhar at us of
claim 8, furt Kesdingothe first fitteptatopmadecaatsieuitatibevdeciee poSoiiRRddnagkam of

the nanofdohdprigink 8s HEWIab5ut lt’(g)% BF%L ﬁ{séﬁﬁpéds%ﬁ}fsi ce selected fromthe group

consisting of a bed filter, cr a crossflow mcrofilter, a
settling tank, and an aerator.

2. The method of claim 1, wherein the feed water is seawater, brackish water or oil field
10  recovery water. -

3. The method of claim 1, wherein greater than about 90 % of any multivalent ions are
removed by the nanofiltration device.

15 4. The method of claim 1, wherein the nanofiltration device is 6perated at an upstream
pressure of less than about 600 psi.

- 5. The method of claim 1, further comprising reducing the boren content in the feed
water to less than about 0.5 ppm.
20

6. The method of claim 1, that consumes energy at an overall rate of less than about
7 kwh/kgal.

7_. The method of claim 1, wherein the second filtrate comprises less than or equal to
25  about 500 ppm total dissolved solids.

8. An apparatus for desalinating seawater comprising:
a nanofiltration device; and
an electrodeionization device in fluid conﬁnunication with the nanofiliration device.
30
9. The apparatus of claim 8, further comprising a pretreatment device positioned
upstream of the nanofiltration device, the pretreatment device selected from the group

consisting of a bed filter, a microfilter, a crossflow microfilter, a settling tank, and an aerator.



-26- 10. The apparatus of claim@8, wherein the el ectrodeionization device
conprises a CED1 device including dilution cells having a thickness of |ess
than about 10 mm 511. A systemconprising a plurality of the apparatuses of
claim8. 12. A nethod of treating seawater to reduce total dissolved solids
conprising: passing the seawater through a water treatnent apparatus while
appl ying energy in an anount |ess than about 7 kwh/kgal of filtrate to the
apparatus; and 10renoving filtrate fromthe apparatus, wherein the filtrate
conprises |ess than about 1,000 ppmtotal dissolved solids. 13. The net hod
of claim 12, wherein the water treatnent apparatus conprises a
nanotiltration device and an el ectrodei2fir zati on device. 15 14. The net hod
of claim 12, wherein the filtrate conprises |less than about 500 ppmtotal

di ssol ved solids. 15. A nmethod of treating seawater conprising: 20reducing
a concent @t i ome.cﬁgp%@:s%r claﬁﬁﬁ wﬁé}elmw@n%a&oﬁle%n%v&% ?E&s%% er in

a first stage; ucing a concentration of one of nore
monoval erfevissdpslading ﬁﬁ‘fﬂ%’ﬁéll%% pthigkpesg of lssbihan geewd0 mam.pr oduce wat er
having a TDS of |ess than about 1,000 ppm wherein the first

and s onﬁlstE&Es arelgerforned at a net energy consunption rate of 25 |ess
t han YRYR FOPPISpS Y Bluralify phihe anppratyizs obelpigd® of clai m 15, wherein
the first stage conprises a nanofiltration device. 17. The met hod of

cl aim 16, erein.t econd st age S,.an electrodelqnlzatlon 30
devi ce. . T‘%é“e,%"prﬁg tl‘“gcﬁeﬁ'f'%?ﬁt? re%@ F‘E?Pjﬁi‘sé"lé’ 6% S COTBIERF cam from t he
el ect r odei oni zsdssiogthd ewdwageritSrongix & ehatsk triatiobst Pl vhildpEHIVRERnaEy iha i r st

stage. - gfont less than about 7 kwh/kgal of filirate to the apparatus; and
10 removing filtrate from the apparatus, .
wherein the filtrate comprises less than about 1,000 ppm total dissolved solids.
13, The method of claim 12, wherein the water treatment apparatus comprises a
. nanofiltration device and an electrodeionization device.
15
14. The method of claim 12, wherein the filtrate comprises less than about
SO0 ppm total dissolved solids.
15. A method of treating seawater comprising:
20 reducing a concentration of one or more non-monovalent species from the seawater in

a first stage; and _
reducing a concenfration of one or more monovalent species from the seawater in a
second stage to produce water having a TDS of less than about 1,000 ppm,
wherein the first and second stages are performed at a net energy consumption rate of
25  less than about 7 kwh/kgal of product water.

16.  The method of claim 15, wherein the first stage comprises a nanofiltration device.

17. The method of claim 16, wherein the second stage comprises an electrodeionization
30  device.

18. The method of c¢laim 17, wherein a concentrate stream from the elecirodeionization

device is mixed with the seawater upstream of the first stage.



19. A nethod of treating water having dissolved solids therein conprising:
reduci ng a concentration of nonoval ent di ssol ved species fromthe water to
produce a byproduct stream 5reducing a concentration of dival ent dissolved

species fromthe water; and reduci ng a concentration of dissolved
solids fromthe water to | ess than about 1,000 ppmin an
el ectrodei oni zati on devi ce. 20. The nethod of claim 19, wherein the

act of reducing the concentration of nonoval ent 10 di ssol ved speci es

conprdi ses utilizing an electrodialysis device. 21. The nethod of claim 20,
wherein the act of reducing the concentration of dival ent dissolved species
conprises utilizing a cation exchange é¥l-um. 15 22. The nethod of claim 21,
further conprising regenerating the cation exchange colum with the
byproduct stream 23. The nmethod of claim 15, wherein the first stage

CONpr i Sesjgd PrAo skl m&h{aagrg ASEASOIRA thetdn cdi rigﬁ?%;:hOd of claim
23, wherein the pressure-driven nenbrane system conprises at |east one of a
nanof i | t rati orfe@isieasansentirting of mppevalent fistplygssaeaiefsom shegwater to produce a

ul trafil tuypkdawdt siep@f at us. 25 25. The net hod of claim 19, wherein the step
of regycing a concentration of dival ent dissolved species fromthe water is
per f ormed t hr JEGIFINE 2 FwsEragaR ohdixalspfdissaived sppcics Somtha /a6t ed from t he
group consi st i\@udig Dcoratfatibh bAdisveaRPRANrdE thebw iFkCto Ask kHah Abb@N

appar at USI,O(?[P gpu? Jnn al“xlll e éc@ohéiggiggtlio%nde%gg? ratus.

20.  The method of claim 19, wherein the act of reducing the concentration of monovalent

10 dissolved species comprises utilizing an electrodialysis device.

21. The method of claim 20, wherein the act of reducing the concentration of divalent

dissolved species comprises utilizing a cation exchange column,

15 22, The method of claim 21, further comprising regenerating the cation exchange column

with the byproduct stream.

23.  The method of claim 15, wherein the first stage comprises a pressure-driven

membrane system.

20
24.  The method of claim 23, wherein the pressure-driven membrane system comprises at
least one of a panofiltration apparatus, a microfiltration apparatus, and an ultrafiltration
apparatus.

25 25, The method of claim 19, wherein the step of reducing a concentration of divalent

dissolved species from the water is performed through at least one pressure-driven apparatus
selected from the gronp consisting of a nanofiltration apparatus, a microfiltration apparatus,

and an ultrafiltration apparatus.



